New high-resolution seismic data show clear evidence for upward injection of methane gas well into the hydrate stability zone at the stable, low-methane-flux Blake Ridge crest. This movement of gaseous methane, through a thermo-dynamic regime where it should be trapped as hydrate, suggests that dynamic migrations of gas play an important role in the interaction of subseafloor methane with the ocean. In the study area, none of the seismic amplitude anomalies that provide evidence for gas migration reaches the seafloor; instead they terminate at the base of a highly reflective, unfaulted capping layer. Seismic inversions of anomalous regions show (1) increased velocities beneath the hydrate stability zone, suggesting less gas, and (2) increased velocities within the hydrate stability zone associated with observed low-amplitude chimneys and bright spots, indicating increased hydrate concentrations. These observations and analyses indicate that methane migrates upward as free gas hundreds of meters into the hydrate stability zone before forming hydrate. The observations strongly imply that given appropriate permeable pathways, free gas can escape into the ocean. Even in a low-flux environment, the hydrate stability zone is not an impermeable barrier to free-gas migration.
INTRODUCTION
Deposits of natural gas hydrates within continental margin sediments are significant for their abundance (Kvenvolden, 1988) , effect on seafloor stability, and potential involvement in paleoceanographic and global climate change (Kennett et al., 2000; Dickens, 2001) . Their occurrence is interpreted primarily from the observation of bottomsimulating reflectors (BSRs) on seismic reflection data (e.g., Shipley et al., 1979) . The BSR corresponds to a thermodynamic phase boundary at the base of the hydrate stability zone (HSZ), a region that includes the uppermost several hundred meters of sediment where low temperatures and high pressures dictate that methane in excess of porewater saturation forms hydrate. Below the BSR, the temperature is too high for hydrate to be stable, so that in methane-saturated pore fluids, additional methane is gaseous (Sloan, 1990; Buffett and Zatsepina, 1999) .
The Blake Ridge, a large contourite drift formed by the interaction of ocean currents on the southeast margin of North America ( Fig. 1 ) (Mountain and Tucholke, 1985) , has been the focus of recent gas hydrate research because of a well-documented BSR mapped by several single-channel seismic investigations (Katzman et al., 1994; Dillon et al., 1998; Taylor et al., 1999) . In September and October 2000, highresolution, 80-fold seismic reflection data were acquired in the same *E-mail: Gorman-argorman@uwyo.edu. Present address: Pecher-Institute of Geological and Nuclear Sciences, 69 Gracefield Road, Lower Hutt, New Zealand. area by the R/V Maurice Ewing to map the relationship of observed hydrate and gas distributions to detailed structures and stratigraphic features. This paper focuses on gas dynamics within the gas-hydrate and free-gas system observed in the new data.
Subseafloor methane can migrate upward in solution or as free gas. Dissolved methane rises in pore fluid forced upward by sediment compaction, tectonic processes, or a combination of both mechanisms. Methane advection rates vary from high-flux regimes such as the accretionary prism of the Cascadia subduction zone to low-flux regimes such as the passive continental margin at the Blake Ridge (Xu and Ruppel, 1999; Ruppel, 2001) . In low-flux hydrate provinces, dissolved methane in slowly upward-advecting pore waters is completely oxidized by biological processes near the seafloor (Borowski et al., 1999; Ç agatay et al., 2001) . In contrast, in high-flux regions gaseous methane can escape directly into the ocean, as evidenced by recent submersible observations on the Cascadia accretionary prism (e.g., Peltzer et al., 2000) and seismic data showing eruptions of free gas through the hydrate stability zone ). The new seismic data from the Blake Ridge suggest that migration of free gas through the HSZ is not limited to high-flux regimes. Over much of the Blake Ridge crest, small disruptions in the BSR are vertically associated with regions of reduced reflectivity in the underlying gas-charged strata and with seismic anomalies within the HSZ, suggesting that free gas has migrated upward. This finding implies that low-flux gas hydrate provinces such as the Blake Ridge may play a more active role in the exchange of methane between seafloor sediments and the ocean than previously thought.
SEISMIC OBSERVATIONS
Much of the Blake Ridge hydrate province is seismically characterized by relatively flat lying strata of varying reflectivity with an easily identifiable BSR overlying a high-amplitude gas-charged layer (Shipley et al., 1979; Holbrook et al., 1996; Dillon et al., 1998) . In general, the younger and shallower strata appear undisturbed in seismic data ( Fig. 2) , whereas older strata are cut by small-offset normal faults. Because the ridge is not under tectonic extension (Dillon et al., 2001) , these faults, which have dips between 50Њ and 55Њ, are likely the result of sediment compaction as older strata are buried by younger sediments. The uppermost, structurally undisturbed strata have greater reflectivity and are correlated to young sediments cored at Ocean Drilling Project (ODP) Leg 164 drill sites 994, 995, and 997 (Paull et al., 1996) . The base of these reflective sediments is a chronostratigraphic boundary dated as 2.25 Ma (Fig. 2) . However, faulting is observed in some places to extend upward into strata just below the 0.95 Ma chronostratigraphic reflection (Fig. 2B ). This simple lithology provides a clear background reflectance against which anomalous seismic observations can be readily interpreted in terms of free-gas and hydrate occurrence. In this paper we present two observations that suggest injection of gas into the HSZ.
The first example, located on line R37 ϳ10 km southeast of Site 997 (Figs. 1 and 2A) , shows vertically oriented regions of low reflectivity capped by moderately strong reflections that cannot be correlated to adjacent strata. These low-amplitude chimneys extend no higher than the 2.25 Ma reflection, suggesting that their occurrence is controlled by the physical properties of the normal-faulted part of the section. The BSR beneath the chimneys is ϳ14 m shallower than in adjacent strata (determined by the waveform inversions discussed in the following; see also Fig. 3) , implying an upward deflection of isotherms, probably by active fluid flow. Reflection amplitudes within the free-gas zone (FGZ) immediately underlying the chimneys are lower than in neighboring strata.
The second example, located in the newly acquired three-dimensional seismic grid (Figs. 1 and 2B ), shows several narrow highamplitude reflections, or bright spots, within the HSZ that contrast strongly with neighboring low-amplitude strata. The bright spots often appear to be bounded on at least one side by normal faults and, as in the first example, extend upward only as far as the top of the faulting. The bright spots extend over an area of ϳ1000 m by 600 m within the survey grid, and individual events are to 200 m in diameter. As in the first example, the BSR and the strata of the underlying FGZ are less reflective than in adjacent areas.
We propose that these observations indicate dynamic passage of free methane gas through the HSZ. Three lines of evidence support this hypothesis. (1) The observed low-amplitude chimneys bear a remarkable resemblance to similar features observed in high-flux regimes where methane gas is known to have migrated vertically through the HSZ (e.g., Riedel et al., 2001) . (2) The bright spots and low-amplitude chimneys are vertically associated with zones of reduced amplitudes and (as shown in the next section) high velocities in the underlying free-gas zone, strongly suggesting expulsion of methane from the FGZ into the HSZ. (3) The vertical extent of amplitude anomalies within the HSZ is limited to the faulted sediments, which suggests that gas migration occurs along preexisting faults or fractures.
VELOCITY ANALYSIS
In order to examine short length scale (2-4 m) vertical variations in P-wave velocity, we conducted one-dimensional full-waveform inversions on the new high-resolution (10-220 Hz) data. This method, which has been well established for wide-angle reflection data at the Blake Ridge (Korenaga et al., 1997; Holbrook, 2001) , is based on minimizing the difference between observed seismic data and synthetic seismograms in the frequency-slowness (-p) domain (Kormendi and Dietrich, 1991; Minshull et al., 1994; Singh and Minshull, 1994) . In order to reduce aliasing during transformation of the input data to the -p domain, one trace from every channel on the seismic streamer is used in an input supergather that is made up of data from six adjacent common midpoint (CMP) gathers; with a CMP spacing of 6.25 m, the resulting supergather footprint (31.25 m) is an order of magnitude less than the inversion targets. We generated a well-defined, onedimensional, long-wavelength starting velocity model using ray-theoretical traveltime inversion (Zelt and Smith, 1992) of prominent reflections (including the seafloor reflection and the BSR). These velocity profiles, composed of three or four homogeneous layers, were smoothed to remove first-order discontinuities at layer boundaries and to provide a slightly positive velocity gradient corresponding to expected seafloor sediment compaction. Although these starting models (Fig. 3) are based on the average velocities of relatively thick units, their simple structure is representative of the uniform shaley lithology observed at the Blake Ridge (Paull et al., 1996) . Additional considerations include: (1) selection of a source wavelet using the method of Korenga et al. (1997) modified for the geometry of marine seismic reflection acquisition, (2) correcting for source-receiver directivity, (3) assumption of the Korenaga et al. (1997) relationships between P-wave velocity and other physical characteristics (S-wave velocity, density, P-wave and S-wave dispersion), and (4) selection of a frequency band of 20-150 Hz for the inversion; higher frequencies were avoided to reduce ringing in the inverted time-series. The remarkable agreement of the waveform inversion results in the upper 100-150 m of seafloor sediments, for each of the pair of inversions (Fig. 3) , emphasizes the robustness of the method.
Inversions outside (Fig. 3A) and inside (Fig. 3B ) the chimney ( Fig. 2A) show contrasting P-wave velocity structure. The outer example has a high-velocity hydrate wedge at the BSR (Hyndman and Spence, 1992; Korenaga et al., 1997) with a maximum velocity of 2.2 km/s overlying a gas zone with velocities as low as 1.3 km/s. By using the rock-physics model of Helgerud et al. (1999) and assuming 54% porosity (Paull et al., 1996) , a critical porosity of 37%, and an average of 9 contacts per grain, the concentration of hydrate in the narrow layer above the BSR can be estimated to be between bulk values of 13% (if pore-space hydrate strengthens the grain matrix) and 20% (if hydrate fills the pores without affecting the rigidity of the matrix). This range of concentrations is as high (Korenaga et al., 1997) or higher (Holbrook, 2001 ) than those estimated for wedges at other locations on Blake Ridge. The inner example shows a much smaller velocity contrast at the BSR, suggesting that gas has been removed from the freegas zone and that hydrate concentration in the wedge has been reduced. As would be expected, the lower 300 m of the HSZ within the chimney shows slightly less variation in velocity than outside, where observed amplitudes are higher. Although this velocity response could be the result of amplitude blanking within the chimney, caused by the cementing of sediment pore space with hydrate (Lee et al., 1996) , we prefer the explanation that rapid vertical migration of overpressured gas through these sediments resulted in the disruption of the stratal relationships that give the neighboring rock its reflective character (Wood and Gettrust, 2001) . The absence of a hydrate wedge immediately above the BSR within the chimney can be explained by hydrate dissociation caused by a localized upward deflection in isotherms; the BSR is at 464 m below seafloor (mbsf) within the chimney but 478 mbsf outside the chimney (Fig. 3) .
Waveform inversions through a bright spot (Fig. 3C ) and an adjacent section (Fig. 3D ) also show contrasting velocity structures. Reflectivity is subdued within the HSZ and FGZ in the inversion at the bright spot, similar to that seen in the chimney in the previous example. The prominent bright spot in the HSZ is caused by a 6-8-m-thick highvelocity layer with a peak velocity of 2.1 km/s (above a background velocity of 1.9 km/s). By using the method of Helgerud et al. (1999) and assuming 60% porosity (Paull et al., 1996) , a critical porosity of 37%, and an average of 9 contacts per grain in the matrix, the concentration of hydrate in this layer can be estimated as 30%-42% of the bulk volume. We conclude that this higher concentration resulted from the freezing of free gas into hydrate in a thin stratum of higher porosity adjacent to a migration pathway.
CONCLUSIONS
The vertical association of bright spots, BSR disruptions, increased seismic velocity in the HSZ and FGZ, and decreased reflectance in the FGZ clearly indicates migration of free gas from beneath the BSR upward hundreds of meters into the HSZ. Gas transport into the HSZ on the Blake Ridge occurs (1) along vertical pathways resulting in a disruption of stratal geometries, and (2) along steeply dipping normal faults. In both cases, evidence for gas migration extends upward only as far as the young, unfaulted, shallow sediments. This finding suggests that gas-migration pathways-likely faults or fractures-are restricted to the deeper, faulted sediments; the overlying younger, unfaulted sediments form an impermeable barrier to gas migration. In places where the upper sediments can be penetrated, either by fracturing or alternative pathways, gas would escape into the ocean. For example, current observations of seismic data acquired at the near-by Blake Ridge depression (Fig. 1) reveal evidence for gas escape where seafloor erosion exposes the older, faulted sediments (a subject of our current research). Recent seismic observations of the hydrate province on the northern Cascadia margin, off the coast of Vancouver Island Riedel et al., 2001 ), show gas-escape signatures within the HSZ that in places extend to the seafloor and are accompanied by observed methane seeps on the seafloor. There, no sedimentary cap is imaged, and faults are observed throughout the entire HSZ from the BSR to the seafloor.
The observations made here have important implications for understanding the interaction of subseafloor methane with the ocean. The passage of free gas through the HSZ has been demonstrated in highflux regimes such as the Cascadia margin, but in low-flux regimes such as the Blake Ridge, the HSZ has been largely considered an impermeable barrier to the migration of free gas. The new high-resolution seismic data show that the BSR is commonly disrupted by gas injection into the HSZ. This observation implies that methane gas can be transported upward through the HSZ to a level limited only by the availability of permeable pathways. Models of hydrate and hydrosphere interaction must include mechanisms for directly tapping mobile free gas beneath the hydrate stability zone, regardless of the location of the hydrate province.
